Manganese (Mn) is an essential element, however high levels of Mn have been associated with lower neuropsychological performance and behavioral problems in children. We investigated the associations between hair Mn concentrations and neuropsychological and behavioral performances among children with long-term exposure to airborne Mn aged between 7 and 12 years. Neuropsychological performance included tests of: verbal memory, inhibitory control, cognitive flexibility, verbal fluency, and motor function. We used the Conners Abbreviated Rating Scale for teachers to assess students' behaviors of hyperactivity. Hair manganese (MnH) concentrations in children and exposure to airborne manganese from a ferro-manganese alloy plant were analyzed and correlated with tests scores. Multivariable linear models adjusting for potential confounders showed that elevated levels of MnH were associated with lower performance in verbal memory, as measured by the free recall after interference (b = -1.8; 95% CI: -3.4, -0.2), which indicates susceptibility to interference, and Delayed Effect (b = -2.0; 95% CI: -3.7, -0.2), representing a loss of information over time. Additionally, we found patterns of effect modification by sex in three subtests measuring verbal memory: the free recall after interference score, Interference Effect, and Delayed Effect (all at p < 0.10). Overall, the results suggest that long-term airborne Mn exposure may be associated with lower performance in verbal memory, and hyperactivity behaviors.
Introduction
Although manganese (Mn) is an essential microelement, high concentrations in the human body are considered neurotoxic (Ericson et al., 2007) . Cross-sectional studies that evaluated children exposed to Mn showed an inverse association between Mn concentrations and Intellectual Quotient -IQ (Bouchard et al., 2011; Menezes-Filho et al., 2011; Nascimento et al., 2015; RiojasRodríguez et al., 2010; Wasserman et al., 2011 Wasserman et al., , 2006 ). An inverted U-shaped association between full scale IQ and hair and blood Mn levels has been observed in children (Haynes et al., 2015) , suggesting that higher and lower levels of Mn were associated with decreased IQ scores. Besides intellectual deficiencies, studies have shown that school-aged children exposed to elevated Mn levels showed decreased memory performance (Oulhote et al., 2014; Torres-Agustín et al., 2012; Wright et al., 2006) , academic achievement (Khan et al., 2012) , motor function (Hernández-Bonilla et al., 2011) , and alterations in visual perception and shortterm visual memory (Hernández-Bonilla et al., 2016) . Mn exposure has also been associated with increased externalizing behaviors Menezes-Filho et al., 2014) and hyperactivity (Bouchard et al., 2007) . In South Korea, children with higher blood Mn levels (90th percentile) exhibited worse scores than the norm in thinking, reading, calculation, and learning abilities, as well as higher numbers of errors on the sustained attention task of the CPT (Bhang et al., 2013) .
Despite the fact that several studies reported associations between environmental Mn exposure and various neurodevelopmental outcomes among school-age children, only a few studies have evaluated the effects of prenatal exposure (Claus Henn et al., 2017; Ericson et al., 2007; Takser et al., 2003) . Given the fact that early neurodevelopment occurs by biologically programmed processes, exposure to Mn and other potentially neurotoxic agents can affect and cause damage to any of these stages causing developmental impairment (Schmid and Rotenberg, 2005; Wright and Baccarelli, 2007) . A negative association was found between cord blood Mn levels at delivery and psychomotor development at 3 years of age (Takser et al., 2003) . Ericson et al. (2007) observed that high maternal levels of Mn were significantly associated with a greater number of errors by impulsivity in the Continuous Performance Test (CPT) in 4.5 year old children. Prenatal Mn exposure has also been associated with lower neurodevelopmental scores at 2 years of age in a recent cohort (Claus Henn et al., 2017) .
In Brazil, previous studies were conducted with children aged between 7 and 12 years living near a ferro-manganese alloy plant in two communities from Simoes-Filho district from the state of Bahia (Menezes-Filho et al., 2011 , Menezes-Filho et al., 2009 . The schools of the participating communities are located within a radius of up to 3.5 km from industrial ferro-manganese plant and the exposure is primarily via inhalation. Results showed high levels of Mn in hair (MnH), with an average of 11.5 mg/g, and Mn hair levels were shown to be inversely associated with intellectual function (Menezes-Filho et al., 2011 , Menezes-Filho et al., 2009 . The levels of Mn in scalp hair reported for the general adult Brazilian population was 0.25-1.15 mg/g (Miekeley et al., 1998) .
Recently, high Mn levels were observed in the settled dust in the schools from Simoes-Filho district caused by the oxides emitted by the metallurgical plant (Menezes-Filho et al., 2016) . We conducted a cross-sectional study among 70 children aged between 7 and 12 years living in this same area. We have previously demonstrated the increased incidence of aggressive behavior, impulsivity, inattention , as well as intellectual impairment, decreased working memory and failure of sustained attention in children with high levels of MnH . The majority of children participating in this study have long-term exposure to environmental Mn since conception. In the present study, we report the associations between hair Mn concentrations and neuropsychological performance regarding verbal memory, inhibitory control, cognitive flexibility, motor function and hyperactivity behavior in these same children.
Methods

Participants
A cross-sectional study was conducted with 70 children highly exposed to airborne Mn in the state of Bahia, Brazil in 2012. Children exposed to Mn lived in two communities that are part of the district of Simoes-Filho Bahia, Brazil, located within a radius of up to 3.5 km from the ferro-manganese alloy plant. The primary pathway of exposure to Mn is air emissions arising from the industrial plant. Detailed methods for the study have been previously described elsewhere MenezesFilho et al., 2014) . In these two vulnerable communities, all children between 7 and 12 years old were invited to participate in the study according to the following inclusion criteria: residing in the community for at least one consecutive year, enrolled and attending the school within their community, no neurologic impairment, no sensory deficit and having no intellectual deficit (estimated IQ > 70) as indicated by two subtests of Wechsler Intelligence Scale for Children -3rd edition (WISC-III) (Figueiredo, 2002; Mello et al., 2011) . Participants included 70 children representing 74% of children aged 7 to 12 attending the public schools of the exposed communities. Principals and community leaders were contacted and they provided researchers with a list of the names and ages of children. Parents were contacted via meetings at the school and with visits carried out in the participants' homes to invite families to participate and explain the study. This study was approved by the Ethics Committees of Research, and parents authorized the participation of children signing a Term of Consent (Approved by the Climério de Oliveira Maternity of the Federal University of Bahia Research Ethic Committee).
Data collection procedures
Hair collection and analysis of Mn: hair samples were obtained from the group of 70 children exposed to Mn, using surgical scissors to collect a tuft of hair approximately 0.5 cm of diameter as close as possible to the scalp in the occipital region. This procedure ensured collecting new growth hair. The first centimeter of hair was used to determine the level of Mn. After collection, the samples were packed in plastic bags and stored at an ambient temperature until the time of analysis. The evaluators were blind to the characteristics of Mn concentration and to the scores of the neuropsychological tests when they measured the levels of manganese in the hair samples. This biomarker has been used as a standard method that reflects environmental exposure to Mn and is widely used in epidemiological studies. In the literature, there is no consensus on a fully reliable biomarker that depicts the level of environmental exposure to Mn, and in some studies with children the MnH has been used successfully, and is associated with neuropsychological deficits (Bouchard et al., 2007; MenezesFilho et al., 2011; Riojas-Rodríguez et al., 2010; Wright et al., 2006) . Mn levels were determined by graphite furnace atomic absorption spectrometry and quality control was assured by using human hair reference material IAEA-085. Further details are described elsewhere (Menezes-Filho et al., 2009 ).
Potential confounders
All families answered a Sociodemographic Questionnaire which included information about parents' education, type of residence, and parents' income to generate a Socioeconomic Status (SES) classification according to the Brazilian Association of Research (Associação Brasileira de Empresas de Pesquisa -ABEP, 2011). The socioeconomic classification ABEP is based upon the occurrence of various items at home (television, radio, toilet, car, housekeeper, washing machine, DVD, refrigerator and freezer) as well as the educational level of the household. The ABEP total score varies between 0 and 42 points and is classified into eight SES gradients from the highest to the lowest as follows: (1-A1, 2-A2, 3-B1, 4-B2, 5-C1, 6-C2, 7-D and 8-E), but only 5 categories were represented in our sample of children. Maternal or caregiver intelligence was estimated using Vocabulary and Block Design subtests from the Brazilian standardized version of the Wechsler Adult Intelligence Scale, 3rd version -WAIS III (Nascimento, 2005) . Potential confounders were selected a priori based on established associations with the outcomes (Henn et al., 2010; Menezes-Filho et al., 2011) and included child's sex, age (months, continuous), maternal education (Illiterate or even 3rd Grade / Even 4rd Grade / Even 8rd Grade / Complete high school), maternal intelligence (Estimated IQ WAIS-III, continuous) and SES (ABEP total score, continuous). Because lead (Pb) is a known potential neurotoxicant, we conducted children blood analyses for Pb showing average levels of 1.10 (CI 95% 0.82-1.39 mg/dL) ranging from 0.5 to 6.1, detailed information is reported elsewhere .
Neuropsychological and behavioral assessment
Children were assessed individually with a battery of tests: Inhibition, Word Generation and List Memory, three subtests from the Developmental Neuropsychological Assessment Battery Second Edition -NEPSY II (Argollo et al., 2009; Korkman et al., 2007) and Grooved Peg Board Test (Lafayette Instrument, 2002) . The Brazilian version of the Conners Abbreviated Teacher Rating Scale (Brito, 1987) was completed by each participants' teacher. Children were also assessed by a neuropsychological battery and the relation with manganese exposure was published elsewhere Menezes-Filho et al., 2014) , using the following instruments: Working Memory with WISC-III Digit Span subtest (Wechsler, 2002) and Corsi Block (Kessels et al., 2000) ; IQ with WISC-III; Sustained Attention with Test of Visual Attention -TAVIS-3R (Duchesne and Mattos, 1997) ; and behavior problems with Child Behavior Checklist -CBCL (Bordin et al., 1995) . All assessments were conducted by trained psychology students and professionals.
Inhibition is a test for inhibitory control and cognitive flexibility (Diamond, 2013) . The test is comprised of two sections (geometric shapes and arrows), each divided into three subtests: naming, inhibitory control (inhibition), and flexibility (switching). Naming consists of giving a name to the presented stimulus; inhibitory control consists of inhibiting a dominant response in order to tell the name of the required stimulus (inhibitory control); and flexibility is the ability to alternate responses of naming and inhibitory control (cognitive flexibility). This latter task is the most complex because it involves shifting attention and keeping two rules in mind simultaneously. The test generates a score for performance time and a score for errors (composed of uncorrected errors and self-correction errors) for each condition of naming, inhibitory control and flexibility. There are also two scores which include the total execution time and the total number of errors.
Word Generation (WG) is a test of verbal fluency consisting of four tasks: two tasks involve semantic domain (categorization of animals and food/beverages), and two involve phonemic domain (fluency of words beginning with the letter "S" and "F"). The task consists of saying all the words the examinee can remember in 60 s for each of the four categories. At the end, two scores are generated, one for semantic fluency and one for phonemic fluency.
List Memory (LM) evaluates verbal memory, immediate recall, verbal learning and susceptibility to interference. First, a 15 word list (first list) is heard five consecutive times (A = each trial) and the examinee is asked to recall the list at the end of each time it was heard, regardless of the order. This generates the Learning Curve score (sum of evocations A1, A2, A3, A4 and A5). Next, a second list of 15 interfering words is recited and recalled (A6 -Interference List), then a free recall of the first list is requested (A7-Free Recall after Interference). After 30 min the examinee is asked again to recall the first list of words (Delayed Recall). Three other scores are derived: 1) Learning Effect, that is the difference between the total correct words stated during A5 minus the total correct words stated during A1; 2) Interference Effect, that is the difference between the total correct words stated during A5 minus the total correct words stated during A7; 3) Delayed Effect, that is the difference between the total correct words stated during A5 minus the total correct words stated during the Delayed Recall Trial, large negative score represents a high rate of forgetting.
Grooved Pegboard Test (GPT) (Lafayette Instrument, 2002) assesses motor function by having the participant fit 25 iron pins on a platform within a period of time recorded in seconds. The time in seconds it takes to fit these 25 pins with the dominant and nondominant hand generates the two raw scores: dominant hand time and non-dominant hand time. The task time limit for each hand is 5 min.
Conners Abbreviated Teacher Rating Scale (Brito, 1987) : Teachers assess students' behaviors of ten different behaviors in children related to inattention and hyperactivity as follows: (0-not at all, 1-just a little, 2-pretty much 3-very much). This scale has a maximum score of 30 points and it is usually used for screening. Higher scores suggest more hyperactivity problems.
Data analysis
Descriptive analyses of sociodemographic characteristics, hair Mn concentrations, and neuropsychological test scores were performed. For analysis of homogeneity of variance, we used the statistical test of Levene, while the Spearman correlation analysis was used to evaluate the associations between socio-demographic variables, outcomes and MnH. Hair Mn concentrations were log 10 transformed to approximate a Gaussian distribution. We used linear models to estimate the associations between log 10 Mn concentrations in hair and individual test scores, adjusting for mother's IQ, age in months, SES (ABEP total score), sex and school (known predictors of child neurodevelopment). In order to maintain all the scores interpretation in the same direction (negative coefficients indicate worse scores with higher exposure) the following scores were inverted: Inhibition (time and errors), Grooved Pegboard Test (time), Conners Abbreviated Scale and Interference Effect from Verbal Memory. Finally, we assessed effect modification by sex using stratified analyses. Differences in the associations in the two groups were tested by comparing the value of d/SE d to the standard normal distribution, where d is the difference between the two estimates, and
] is the standard error of the difference (Altman and Bland, 2003) . We used the SPSS version 20.0 and R software to perform the analyses. All tests were two-sided, and the threshold for statistical significance was set to p < 0.05 for main effects and 0.10 for interactions.
Results
Table 1 describes the socio-demographic characteristics of participants in the study, as well as concentrations of manganese and lead in children. Most of the mothers remained in the exposed communities during the pregnancy (85%) and their children lived under exposure conditions since birth. Children who weren't born in the exposed area lived there an average 5.7 years. Children were on average 9.4 AE 1.6 years old. Regarding SES, 88% of the children were in one of the three lowest SES gradients classifications (C2, D or E), considered mid-low and low SES. MnH levels ranged from 0.52 to 55.74 mg/g with an average of 14.6 mg/g. Blood lead (PbB) levels were particularly low, averaging 1.1 mg/dL (range: 0.5- Spearman correlations showed that MnH was negatively correlated with maternal education (rho = À0.33, p = 0.005) and maternal IQ (rho = À0.46, p < 0.001). No correlations were found between MnH and family income, SES (ABEP total score), children's age and neuropsychological score (data not shown). A positive correlation was found between MnH and the score of the Conners Abbreviated Scale (rho = 0.46, p < 0.001), showing more hyperactivity problems related to the increase of MnH levels. When the analyses were stratified by sex, MnH correlated significantly only with girls scores on the Conners Scale (rho = 0.52, p = 0.004), Phonemic Verbal Fluency (rho = À0.35, p = 0.037) and verbal memory (A5) (rho = À0.33, p = 0.049), but not in boys (data not shown). While for boys a significant correlation was found between MnH and time in the flexibility condition of Inhibition Task (rho = À0.39, p = 0.026) and age in months (rho = 0.47, p = 0.005). Table 2 presents changes in neuropsychological and Conners Scale scores for a 10-fold increase in MnH levels adjusting for age in months, sex, SES, mother's education, mother's IQ and School. For verbal memory scores, a 10-fold increase in MnH concentrations was significantly associated with differences of À1.8 words recalled (95% CI: À3.4 to À0.2) on the Free Recall after Interference and À2.0 words (95% CI: À3.7 to À0.2) on the Delayed Effect. Regarding hyperactivity behavior, a 10-fold increase in MnH concentrations was significantly associated with differences of -6.6 points (95% CI: À12.0 to À1.3), representing poor behavior. No associations were found between MnH and the scores on verbal fluency, Inhibitory Control, Flexibility and motor function.
We evaluated whether sex modified the associations between MnH concentrations and neuropsychological functions, and found patterns of effect modification by sex in three subtests measuring verbal memory: the free recall after interference score (p = 0.047), Interference Effect (p = 0.06) and Delayed Effect (p = 0.08) ( Table 3) . Regarding Free Recall after Interference, we observed a 10-fold increase in MnH levels associated with changes of À4.4 words recalled (95% CI: À7.1 to À1.7) in boys and À0.9 (95% CI: À3.0, 1.2) in girls. In relation to Interference Effect, a 10-fold increase in MnH concentrations was associated with changes of À4.3 (95% CI: À8.1 to À0.5) in boys and À0.3 (95% CI: À2.1, 1.5) in girls. For instance, a 10-fold increase in MnH concentrations was associated with changes of -2.2 (95% CI: À4.4 to 0.0) on the verbal memory Delayed Effect in girls and 1.4 (95% CI: À2.0 to 4.8) in boys.
Discussion
This study aimed to analyze the associations between neuropsychological and behavioral performance and hair Mn levels in children with long-term exposure to airborne Mn. Overall, we observed a consistent negative association between higher levels of and performance on neuropsychological tests. Specifically, these associations reached the level of significance for verbal memory and learning, as well as hyperactivity behavior. Additionally, we observed sex-specific associations for tests related to verbal memory, but not for other neuropsychological domains.
However, unlike some studies that found association between higher Mn exposures and higher commission errors related to impulsive responses (Bhang et al., 2013; Ericson et al., 2007) , our study did not observe such associations with errors and time in tasks demanding inhibitory control, mental flexibility and verbal fluency performance. In South Korea, Bhang et al. (2013) found that children with blood levels of Mn > 21.45 mg/L (highest 5th percentile of Mn concentration blood) had higher scores of commission errors on the Continuous Performance Test-CPT compared to children in the lower quintile. The same study also reported associations between Mn concentrations and lower scores in thinking, reading, calculations, and learning abilities (Bhang et al., 2013) . A similar result was reported by Ericson et al. (2007) , with a greater number of commission errors in CPT in children with high prenatal Mn concentrations. One study with 6-13 years old children in Quebec Canada assessed the exposure of Mn in water consumed and showed an association between Mn concentrations and attention, memory and motor functions (Oulhote et al., 2014) . The authors used structural equation modeling and found significant associations between MnH and attention function, after adjustment for confounders, but no association with Mn in the water and the manganese intake from water consumption. They found that a 10-fold increase in MnH was significantly associated with differences of À4.2 points in the attention function component in the model generated from CPT scores. Comparable performance was found in this same sample previously in Brazil .
In a study with adults, male welders compared to healthy matched controls performed worse in several neuropsychological tests including verbal fluency task, after controlling for confounders (Chang et al., 2009) . Poor performance in verbal fluency task is associated with frontal lobe dysfunction and demand an executive component that reflects the integrity of the frontal lobes (Henry and Crawford, 2004) . Thus, both tasks depend on executive processes such as initiation, efficient organization of verbal retrieval and recall, and self-monitoring. Despite the fact that these tests of verbal fluency are widely used measures to assess cognitive functioning and commonly used to assess executive dysfunction in clinical settings (Henry and Crawford, 2004; Lezak et al., 2004) , no other studies tried to investigate childrens' performance in verbal fluency task in relation to Mn concentrations. We did not find associations between verbal fluency tasks and hair manganese levels in children in the adjusted analyses. Childrens' MnH concentrations were associated with verbal memory and learning, both with recall after information interference and delayed recall. These findings are congruent with TorresAgustín et al. (2012) who evaluated 79 children exposed to airborne Mn in Mexico, finding similar results in a related verbal memory, word list task. They compared exposed and non-exposed groups and found that the exposed group obtained lower scores on the Children's Auditory Verbal Learning Test (CAVLT) in learning curve, Free Recall after Interference and delayed recall scores, after adjustment for covariates. Oulhote et al., (2014) using structural equation modeling (SEM) found association between both exposure measures -MnH and Mn in the water (MnW) -with memory function, after adjustment for confounders. The authors used the children performance in the California Verbal Learning TestChildren's Version (CVLT-C) and Digit Span test to generate the memory function component in the SEM.
The List Memory Test from NEPSY II used in this study is similar to CAVLT and CVLT-C used in previous studies that found a negative association between MnH levels and scores in these test (Oulhote et al., 2014; Torres-Agustín et al., 2012; Wright et al., 2006) . Woolf et al. (2002) reported a case study of a 10 year old boy with elevated Mn concentrations in whole blood, urine and hair, who performed below average in the verbal-auditory learning test. In the present study, sex modified the associations between MnH concentrations and verbal memory performance. Results indicated that higher concentrations of MnH in boys were stronger associated with poor performance to recall words after the presentation of a new content (Free Recall after Interference and Interference Effect), while in girls higher concentrations of MnH were associated to the Delay Effect, representing a higher rate of forgetting. Torres-Agustín et al. (2012) observed that the negative association between MnH and long-term memory test scores (trial 4, trial 5, immediate recall, level of learning) was stronger for girls than for boys. However, Oulhote et al. (2014) did not find sex differences between manganese indicators of exposure and memory function. This study shows evidence of the association between Mn and impairment related to mechanisms involving verbal memory and learning.
In this study, we found significant association between higher MnH concentration and hyperactivity among exposed children. The present results corroborates previous studies that used behavioral scales, finding an association between levels of Mn and increased externalizing behaviors (Ericson et al., 2007; Khan et al., 2011; Menezes-Filho et al., 2014) , and hyperactivity (Bouchard et al., 2007) . Despite these evidences, one study conducted in Canada did not find associations between Mn concentrations in drinking water and hyperactivity in children (Oulhote et al., 2014) . However, Mn levels in water from this study (Oulhote et al., 2014) were relatively low (GM = 20 mg/L) compared with previous studies [GM % 300 mg/L] (Bouchard et al., 2007) , and GM % 900 mg/L .
Studies of motor function in school-aged children with Mn exposure are still few, but associations between Mn exposure and motor function in adults have been widely reported in the review published by Zoni et al. (2007) . In the present study we found no association between MnH levels and performance in motor function test in school-aged children. Hernández-Bonilla et al. (2011) found an association between blood Mn levels and speed and motor coordination on Finger Tapping Test with school-aged children, but no association between MnH levels and the performance on motor function assessed by Grooved Pegboard Test, Finger Tapping Test and Santa Ana Test. Authors concluded that motor deficits do not seem to be the main change caused by increased levels of Mn in children. Parvez et al. (2011) evaluated 304 school-aged children in Bangladesh and did not find association between Mn blood levels and motor function. Another study showed association between Mn intake from water consumption and motor function in school-aged children, but no association was found with MnH levels (Oulhote et al., 2014) . Table 3 Adjusted changes in boys' (N = 34) and girls' (N = 36) neuropsychological and behavior scores for a 10-fold increase in hair manganese concentration (negative coefficients indicate worse scores with higher exposure). Our results are in line with previous research evidence, which shows that in children motor function seems to be less affected when compared to studies with adults. Airborne Mn exposure is more detrimental to children than to adults, and the inhalation route presents a higher chance of absorbed Mn to by-pass the homeostatic control and to accumulate in the organism compared to dietary intake (Winder, 2010) . The basal ganglia have been identified as the brain region with a higher accumulation of Mn (Dobson et al., 2004) . Other animal studies suggested an increase of Mn in regions of the hippocampus, frontal cortex and brainstem (Burton and Guilarte, 2009; Dorman et al., 2001; Guilarte et al., 2006b; Schneider et al., 2009) . Chronic Mn exposure in non-human primates resulted in subtle deficits in behavioral rating scores, activity levels, fine motor function and changes in the dopamine system (Guilarte et al., 2006a) , significant effect on tasks of spatial and non-spatial working memory (Schneider et al., 2009 ) and impaired performance to complete a complex front-executive task, known to be dependent on the functional integrity of the frontal cortex (Schneider et al., 2013) . Literature review of animal studies indicate that chronic Mn exposure disrupts dopamine neuron function in the striatum and causes degeneration in the frontal cortex (Guilarte, 2015) . Imaging studies with fMRI in humans showed less activation of the insula cortex related to executive functions in the prefrontal cortex in welders (Seo et al., 2016) , while in adolescents with a history of environmental Mn exposure presented a reduced response of the limbic system suggesting an alteration of brain network related to emotional responses (Iannilli et al., 2016) .
The present study contributes to the growing evidence regarding the potential neurotoxicity of Mn. One of the strengths of this study is the use of neuropsychological tests sensitive to developmental aspects, such as the NEPSY II (Korkman et al., 2013 (Korkman et al., , 2001 . In an extensive recent review, Coetzee et al. (2016) reported that hair Mn was the most frequent biomarker of Mn exposure in school-aged children, suggesting that hair Mn, which is equivalent to a long-term exposure of approximately 30 days, may be the most consistent and valid biomarker to date to study populations of children. Despite this evidence, there is currently no consensus on the best biomarker to be used (Coetzee et al., 2016) . The most frequent and promising Mn biomarker in children's studies is hair, but it has been criticized because of susceptibility to external contamination (Skröder et al., 2017) . Another strength of the study is the adjustment for maternal IQ which is an important predictor of children's neuropsychological performance, but it is rarely taken into account in other comparable studies.
Among the limitations of this study, we point out the crosssectional study design and the small number of participants. Further studies with a longitudinal design and utilizing a broader age range are needed in order to observe the terms of greatest vulnerability related to neuropsychological development. Despite the adjustment on socio-demographic characteristics, neurocognitive performance is related to other factors that could not be controlled in this study, such as parental care, negligence, maltreatment and cultural characteristics. The complexity of this framework indicates the vulnerability of these children and the effects on cognitive and behavioral functions that may be aggravated by excessive manganese exposure.
Conclusions
The excessive environmental Mn exposure in children had effects on their performance in verbal memory and learning tasks, and on hyperactivity behaviors. Longitudinal studies with serial measurements of Mn exposure are required to clarify the timing of greatest sensitivity to excess Mn in the body of the developing child and to focus on the extent to which sex differences effect sensitivity to Mn exposure.
